We consider effective Higgs boson couplings, including both the CP-even and CP-odd couplings, that affect Higgs boson pair production in this study. Through the partial wave analysis, we find that the process gg → hh is dominated by the s-wave component even at a 100 TeV pp-collider. Making use of the s-wave kinematics, we propose a cut efficiency function to mimic the collider simulation and obtain the potential of measuring Higgs effective couplings at the 14 TeV LHC with an integrated luminosity of 3000 fb −1 and at a 100 TeV pp-collider. Analytical expressions of the 2σ exclusion limits at the LHC and the 5σ discovery bands at the 100 TeV machine are given.
I. INTRODUCTION
Double Higgs boson production is important to measure the trilinear Higgs coupling in order to determine the structure of the Higgs potential [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . In addition to the trilinear Higgs coupling, the gluon-initiated process gg → hh also involves the coupling of Higgs boson to top quarks. Besides, in composite Higgs models [12, 13] and Little Higgs models [14, 15] , the contact interactions hht L t R + h.c. and h(h)gg are naturally predicted. So far no new particle beyond the standard model (SM) is observed yet. It is natural to adopt the effective field theory (EFT) [16] [17] [18] approach to study the double Higgs production. In this paper, we extend the previous studies [19] [20] [21] [22] [23] [24] , which focus on the CP-even Higgs effective couplings, and include all the possible CP-odd Higgs effective couplings. The general effective Lagrangian of interest to us is [21] [22] [23] [24] 
where m t is the top quark mass, v is the vacuum expectation value, α s is the strong coupling constant and
is the field strength of gluon and its dual is defined asG A,µν = 1 2 ε µνρσ G A ρσ with ε 0123 = 1. The terms of c t , c 2t , c g , c 2g and c 3h describe the CP-even interactions while the terms ofc t ,c 2t ,c g andc 2g represent the CP-odd interactions. In the SM c t = 1 and c 3h = 1 while all other coefficients vanish at the tree level. It is worth mentioning that the c g and c 2g terms in the above interaction might be correlated in a given NP model. For example, c g = c 2g when both terms arise from the same dimension-6 operator O HG = H † HG A µν G A,µν where H denotes the Higgs doublet. Similarly,c g =c 2g when they are from the operatorÕ HG = H † HG
A µνG
A,µν [16] [17] [18] * . The remainder of this paper is organized as follows. In Sec. II, we present expressions of the single Higgs production amplitude under the Lagrangian in Eq. (1) and obtain constraints from current Higgs signal strength measurements and electric dipole moments (EDMs). In Sec. III A and III B, we give the expression of the amplitude in the double Higgs production and perform partial wave analysis to show this process is dominated by the s-wave component, respectively. We obtain a cut efficiency function based on the s-wave dominant feature of the amplitude in Sec. IV A.
Then we use the cut efficiency function to mimic the collider simulation to get the m hh distribution in Sec. IV B and the cross section before and after the selection cuts at the HL-LHC and a 100 TeV pp-collider in Sec. IV C. The correlation and sensitivity of the Higgs effective couplings at the HL-LHC and a 100 TeV pp-collider is investigated in Sec. IV D and Sec. IV E, respectively. Finally, we conclude in Sec. V.
II. CONSTRAINTS FROM SINGLE HIGGS MEASUREMENTS AND ELECTRIC DIPOLE MOMENTS
The effective couplings c t ,c t , c g ,c g in Eq.
(1) which are related to the double Higgs production also contribute to the single Higgs production and decay processes. Therefore, we consider the current constraints from the single Higgs measurements at the 7 TeV, 8 TeV and 13 TeV LHC as well as the low energy experiments.
The partonic amplitude of the single Higgs procution g a,µ (p 1 )g b,ν (p 2 ) → h at the leading order (LO) is
s /(4π) and Tr(t a t b ) = δ ab /2. The form factors F and F (1) can be expressed in terms of piecewise function [26, 27] 
where τ t = 4m 
In the large m t limit [28] , we have
The Lorentz structures A µν and C µν are defined as
The single Higgs production cross section and partial decay width in the NP model, normalized to the SM values, are
and
respectively known as the κ-framework [29] , where the hW W coupling is assumed to be the SM value. The form factor F 1 (τ W ) is defined as [26] 
The current bound on (κ γ , κ g ) from the combination of the ATLAS and CMS results at the 7 and 8 TeV LHC is shown in Refs. [30] [31] [32] . Note that the 13 TeV LHC data does not give a stronger constraint [33, 34] In Fig. 1 , we display the allowed regions of the effective couplings by the current single Higgs measurements † at the LHC at 95% confidence level (CL), which are shown in blue bands. Only two effective couplings vary in each plot
Therefore we can expand the amplitude in terms of those tensor structures as follows
The expressions of the form factors F , G ,
, F and F (1) can be found in Appendix A. In the large m t limit [28] , we have
which can be obtained from the low energy theorem (LET) [37, 38] . Figure 2 shows the √ŝ -dependence of each form factor, where we have chosen two specific values of θ which is defined as the scattering angle of the initial gluon and final Higgs boson. Numerically, the F form factors are always larger than the G form factors around the threshold region √ŝ ∼ 400 GeV, where the dominant cross section arises. Unlike the G form factors, the F form factors is insensitive to θ. Thus the partonic cross section is dominated by the s-wave around the threshold region. To evaluate the s-wave and d-wave contributions at a large √ŝ , it is necessary to perform a partial wave analysis. 
B. Partial wave analysis
The amplitude in the partial wave expansion is given by
where P (x) are the Legendre polynomials satisfy ing the orthogonal relation
s-wave and d-wave components of the amplitude are proportional to P 0 (x) and P 2 (x) respectively, which are
Now the partonic level differential cross section with respect to cos θ can be expanded into three terms
where the first and the second terms denote the s-wave and d-wave contributions, respectively. The third term, which arises from the interference of the s-wave and d-wave components of the amplitude, vanishes after integrating over cos θ.σ 0 (ŝ),σ 2 (ŝ) andσ int (ŝ) can be obtained numerically. The angular dependence of the form factors can be clearly revealed by choosing different combinations of (c t ,c t ). In Fig. 3 , we show the three terms in Eq. (21) with √ŝ = 400 GeV, 1000 GeV for different (c t ,c t ), where we fix other Higgs effective couplings to be the SM values and normalize the three terms to the total cross sections. Since the s-wave has no angular dependence, the distributions in Figs. 3(a) and (d) are flat. The d-wave and the interference contributions have nontrival angular dependences, which are reflected in Figs. 3(b, e) and (c, f), respectively. From the distributions, the d-wave and the interference contributions are comparable for √ŝ = 400 GeV and 1000 GeV. This is because the imaginary (real) parts of the form factors at √ŝ = 400 (1000) GeV are small such that the interference contribution is suppressed. While increasing the √ŝ from 400 GeV to 1000 GeV, the fractions of the d-wave and the interference contributions grow almost one order of magnitude. However, their contributions are still overwhelmed by the s-wave. So the d-wave and the interference contributions to cos θ distributions at the hadron level, such as transverse momentum or rapidity distributions, are small. Figure 4 shows the s and d-wave contributions to the total cross sections after integrating over cos θ. It is clear that the d-wave contributions are at most of 10% of the total cross sections. As a result, the invariant mass distributions at the hadron level are dominated by the s-wave.
To be concrete, we show the s-wave and d-wave contributions to the total cross section at the hadron level, where τ 0 = 4m h 2 /s, f g 's are the PDF functions of the initial gluons, and µ F is the factorization scale. The hadronic cross sections can be expanded as follows,
where σ SM hh denotes the hadronic cross section of gg → hh in the SM, which has been calculated at the LO [1, 28, 39] , NLO [40] [41] [42] [43] [44] [45] [46] , NLL [47] , NNLO [48] [49] [50] [51] [52] [53] [54] and NNLL [55, 56] . The coefficients of the expansions are displayed in Table I . Total cross sections at the 14 TeV LHC and the 100 TeV pp-collider are dominated by the s-wave component. Besides, the fractions of the s-wave contribution at the 100 TeV pp-collider are smaller than the fractions at the 14 TeV LHC, while the fractions of the d-wave contribution at the 100 TeV pp-collider are larger than the fractions at the 14 TeV LHC.
From the above partial wave analysis, we draw a few conclusions, which do not rely on the Higgs effective couplings.
(1) The d-wave contributions to the cos θ distributions at the hadron level, such as transverse momentum or rapidity distributions, are always small; Therefore, it is justified that the double Higgs production is dominated by the s-wave.
IV. COLLIDER SIMULATION
In Table II we collect references of the searches of double Higgs production at the 8 TeV and the 13 TeV LHC as well as the projected analyses at HL-LHC and 100 TeV pp-collider in the final states bbγγ, bbbb, bbτ
Although bbbb channel has the largest cross section, the QCD background is hard to control. On the other hand, the bbγγ channel, despite of its small decay branching ratio, exhibits clear collider signature. Therefore, it has been studied extensively in the literature [3, 5, 20, 21, 23, 57] . In this study, we focus our attention on the bbγγ channel and use the cut efficiency function A(m hh ) to mimic the detector effects in different NP scenarios ‡ . At the 14 TeV HL-LHC, we follow the analysis done by the ATLAS Collaboration [58] and adopt the cut efficiency function in Ref. [57] . At the 100 TeV pp-collider, we follow the projected analysis done by the 100 TeV group [59] . In the rest of this section, we will first derive cut efficiency function of gg → hh → bbγγ at the 100 TeV pp-collider, then we will discuss the correlations and sensitivities of Higgs effective couplings. A. Cut efficiency function
The Born level differential cross section of double Higgs production can be written as
where H is the hard scattering cross section depending on the center of mass energy (c.m.) squareŝ and Higgs boson pseudo-rapidityη in the c.m. frame, S is the collision energy of the hadron collider, µ f is the factorization scale, f i/j is the parton distribution function (PDF) of parton i from j, m hh is the invariant mass of Higgs boson pair in the lab frame, η (η) is the pseudo-rapidity of Higgs boson in the lab frame (c.m. frame), {θ N P } are the parameters from the new physics model. We do not write the parameters m h 2 and m 2 t explicitly, the azimuthal angle has been integrated out.
We know thatŝ = m 2 hh at the Born level. The Jacobian determinant is 2m hh |∂η/∂η|, and
The η andη are related by
where
Thus
For gluon-fusion initial state, the main contribution comes from the small-x region with x 1 ∼ x 2 . In that limit, it is a good approximation thatη = η.
Owing to the scalar feature of Higgs boson, the kinematics of Higgs boson decay products is mainly controlled by the Higgs kinematics, e.g. p T and η of the Higgs boson. Thus the cut efficiency depends on the p T and η distributions of Higgs bosons. The transverse momentum of Higgs boson is
Denote (p T , η 1 , η 2 ) to be the differential cut efficiency function. The pseudo-rapidity η 2 is determined byη, m hh and x 1 . Therefore, is a function of m hh , x 1 and η (which is just η 1 ). The hard scattering function, H, is generically η-dependent. Fortunately, for the SM-like double Higgs production induced by the effective Lagrangian given in Eq. (1), higher partial wave components are highly suppressed. Therefore, we can treat {θ N P } asη-independent. Then the amplitude square will beη-independent. Under such assumptions, the differential cross section can be factorized as following,
Integrating the pseudo-rapidity out, we have
We can also write down the differential cross section after kinematic cuts used by experimental groups,
where m hh is the invariant mass of the Higgs-pair system measured in the experiment,m hh is the real invariant mass of the Higgs-pair system of the same event, which is introduced to describe the finite energy smearing effect. For an ideal detector, we have
which will be broken by finite energy smearing effect. Due to the cut effect, in general
To investigate the inclusive result, one can integrate m hh and have
DefineΣ
we obtain
Then it is natural to define a differential cut efficiency as
Such a differential cut acceptance function only depends on the collision energy and the detail of the PDF. When the new physics contribution is dominated by the s-wave, one can calculate the total cross section after cuts by a convolution of the differential cross section of of m hh and the differential cut acceptance function A(m hh , S, µ f ).
Hence we obtain the master formula for our study as following
Equation (40) also tells us how to calculate the integral kernel A practically. It can be calculated by generating s-wave events with fixed m hh and counting the fraction of the events which pass the cuts. It is worth emphasizing that without the integration of m hh , the result is not exactly the differential distribution due to the finite invariant mass smearing effect. However, when the smearing effect is not too large, it is a good approximation to mimic the differential distribution after cut as following
As to be shown soon, this approximation works well for the Higgs boson pair production. Thus we will use this approximation to illustrate the differential cross section in our work.
At the 100 TeV pp-collider, we can also use this analytical function to include all the detector effects as we did for 14 TeV LHC in [57] . We follow the strategy in the 100 TeV report [59] . The main backgrounds consist of bbγγ, bbjγ, jjγγ, bbh(γγ) and tth(γγ). The cuts used are γ isolation R = 0.4, jets: anti-kt, parameter R = 0.4, ∆R bb < 3.5 , ∆R γγ < 3.5,
GeV, 100 GeV < m bb < 150 GeV, 120.5 GeV < m γγ < 129.5 GeV, (43) where b 1 (b 2 ) and γ 1 (γ 2 ) represent the leading (subleading) b-jet and photon, respectively. The b-tagging probability and faking rates are
The light-jet-to-photon faking probability is parametrized via
The photon identification efficiency is
To get the cut efficiency function, we generate partonic level pp → hh → bbγγ events with MadGraph5 aMC@NLO event generator [80] with CT14 PDF [81] . As we are interested only in the s-wave component, the default SM with trilinear Higgs coupling is enough. The events are generated with fixed m hh for each 10 GeV interval. The detector effects are mimicked with Gaussian smearing effects with the parameters given in [59] . We show the cut efficiency function for the 100 TeV pp-collider in Fig. 5 . The structures in the figure can be easily understood as follows. For the "peak" structure, the boost factor of the Higgs boson is γ 5 around the crossing point. The angular distance between the Higgs decay products, i.e. ∆R ≡ (∆η) 2 + (∆φ) 2 is approximated by ∆R 2/γ 0.4. So crossing this point, the typical ∆R of the bb system and the γγ system will become smaller. The signal events are likely to fail the ∆R cuts to yield a smaller cut efficiency. We would like to estimate the result analytically with some approximations. Let us define the 4-momenta of the partons (photons) in the Higgs rest frame with the z-direction defined by the Higgs 3-momentum in the lab frame. Then the exact result of the ∆R is
where β T ≡ p T /m h is the ratio between the transverse momentum and the mass of the Higgs boson in the lab frame, r = m/m h is the mass ratio between the final state particle and the Higgs boson, which is 0 for photon and m b /m h for bottom quark, η is the pseudo-rapidity of the Higgs boson in the lab frame, z ≡ cos θ is the cosine value of the polar angle of one parton in the Higgs rest frame, φ is the azimuthal angle of one parton in the Higgs rest frame. In the highly boost region, β T 1, and
is a good approximation for the massless final state particle. To pass the ∆R cuts, we need to solve this equation. The solutions are
The region allowed by the cut is [−1,
. This is a hint that we can fit the high invariant mass tail with the function
where ∆R = 0.4 is the angular distance cut, the parameter γ c and δm reflect the energy resolution effect and the invariant mass cut effect, c is a normalization constant. For massive final state particle, we have
The moving direction of a massive particle can be flipped by a Lorentz boost. 
tiny (close to 0) cut acceptance. It is easy to know that the integration region of the polar angle in the c.m. frame is
This is a hint that we could fit the low invariant mass region with
where p h T,cut = 100 GeV. Finally, we obtain the analytic function A(m hh , s, µ F ) at the 100 TeV pp-collider in the following form 
To mimic the detector effects, the final state parton momenta are smeared by a Gaussion distribution. The b-tagging efficiency is [57, 82] b (p T , η) = 0.135 tanh
and the photon energy resolution and identification efficiency are [83] σ (GeV) = 0.3 ⊕ 0.10 × E(GeV) ⊕ 0.010 × E(GeV), for |η| < 1.37,
respectively. After fitting the Monte Carlos simulation results with all the detector effects, we obtain the following cut efficiency function with p h T,cut = 110 GeV, which is slightly different from the function of the 100 TeV machine, 
B. The m hh distribution
Once knowing the cut efficiency function A(m hh ), one can calculate numbers of events of Higgs boson pair production after a series of kinematic cuts listed in Eq. (43) or Eq. (55) using the master formula shown in Eq. (41) . That requires knowledge of the inclusive m hh distribution. Below we examine the impact of various effective couplings on the m hh distribution before and after imposing experimental cuts. Figure 6 displays the m hh distributions in the double Higgs production with CP-violating htt and h(h)gg couplings before and after the selection cuts at the 14 TeV LHC and at a future 100 TeV pp-collider, respectively. We derive the m hh distribution after cuts by convoluting the inclusive distribution with the cut efficiency function as stated in Eq. (42) . Two combinations of Higgs effective couplings, (c t ,c t ) and (c g ,c g ), are considered. We fix all the other effective couplings as the SM values while varying the two effective couplings in each combination. We choose a few benchmark couplings listed as follows: 
which are well consistent with the measurements of single Higgs production at the LHC Run-I. For the case of (c t ,c t ), the invariant mass distribution of Higgs boson pairs peaks around 400 GeV in the SM, i.e. (c t ,c t ) = (1, 0); see the black-solid curves in Figs. 6(a) and (b) . Other values of c t andc t shift the peak to small m hh regions both at the 14 TeV and at the 100 TeV. It can be understood as follows. In the SM, a large cancellation between F and F × 3m 2 h /(ŝ − m 2 h ) occurs near the threshold m hh ∼ 2m h ≈ 250 GeV [37, 38] . However, the cancellation is spoiled when the c t coupling deviates sizably from the SM value c t = 1. That shifts the peak position. In addition, the contribution fromc t (c t F
h )) increases dramatically withc t . Therefore, a largẽ c t , e.g. (c t ,c t ) = (0.2, 0.6), distorts the smooth m hh distribution; see the blue curves in Figs 6(a) and (b). We notice that the m hh distributions do not change much when increasing the collider energy from 14 TeV to 100 TeV. The m hh distributions in the small m hh region is sensitive to c t andc t before imposing any cuts. Different choices of c t andc t couplings yield distinct distributions. Unfortunately, the differences in low m hh region are washed out once imposing a hard p T cut on the Higgs boson in order to disentangle the signal out of huge SM background at the 14 TeV LHC and the 100 TeV pp-collider. Figures 6(e) and (f) show the m hh distributions after the selection cuts given in Eq. (55) . After cuts all the curves are quite similar. If NP models only modify the c t andc t coupling, then it is difficult to discriminate the NP models through the m hh distributions.
We also show the m hh distributions for various combinations of (c g ,c g ) in Fig. 6 . The c g andc g couplings introduce a momentum dependence to the double Higgs production, and they are expected to play an important role in large m hh region. In the small m hh region, the invariant mass distributions are distorted at the 14 TeV and 100 TeV colliders, owing to the weaker cancellation when c g < 0. In the high m hh regions, say m hh 400 GeV, the distributions are distinctly different, especially at the 100 TeV collider. See Figs. 6(c) and (d) . It is because, unlike the F form factors, the contributions from h(h)gg interaction, which are proportional to c g andc g , do not decrease in the large m hh region. More importantly, the differences of the m hh distributions remain even after imposing the selection cuts; see Figs. 6(g) and (h). As a consequence, it is possible to discriminate different NP models that modify c g andc g through the m hh distributions.
Next, we will discuss the correlation and sensitivity of the Higgs effective couplings in the scattering of gg → hh → bbγγ at the 14 TeV LHC and the 100 TeV pp-collider. 
C. Signal strength and Higgs effective couplings
With the help of the cut efficiency function, we can easily obtain the total cross section of any NP described by the Higgs effective couplings after the selection cuts. Making use of the narrow width of the Higgs boson, the signal strength of the signal process, pp → hh → bbγγ, can be factorized as follows
where µ hh,bb,γγ denote the signal strength of the cross section of double Higgs production, of the branching ratio of h → bb decay, of the branching ratio of h → γγ decay, defined as follows:
The dependence of µ hh on the effective couplings is 
The product of µ bb and µ γγ is
where we assume the Yukawa coupling of bottom quarks is not altered by NP effects. The κ g and κ γ couplings are defined in Eqs. (7) and (8) . The SM branching ratios are BR ≡ BR(h → γγ) SM = 0.227% [85] . The values of the coefficients A's are listed in Table III at the 14 TeV LHC and the 100 TeV pp-collider, before imposing any cuts (top panel) and after the series of cuts defined in Eq. 43 (bottom panel). The values of those coefficients at the 14 TeV LHC without any cut agree exactly with those values given in Ref. [23] . We notice that the A 10,12,22,24 coefficients are larger at the 100 TeV pp-collider than at the 14 TeV LHC. Those coefficients correspond to the couplings of c , which modify the h(h)gg and hhtt interactions and contribute significantly to the double Higgs production at the large m hh region.
Equipped with the inclusive m hh distributions and cut efficiency function, we are ready to explore the sensitivity of the HL-LHC and 100 TeV pp-collider on the Higgs effective couplings. The expected discovery significance and the exclusion limit can be evaluated with [86] 
respectively, where n s and n b denote the numbers of the signal and background events. The signal and background events in the SM at the 14 TeV HL-LHC with an integrated luminosity L = 3000 fb 8 and 9 show the 2σ exclusion (red curves) and 5σ discovery (purple curves) contours for the double Higgs production at the 14 TeV LHC with an integrated luminosity L = 3000 fb −1 , named as high luminosity LHC (HL-LHC). Throughout this study we vary only two effective couplings at a time. The blue regions denote the parameter space that is allowed by the current single Higgs measurements. The pair production of the SM Higgs bosons is expected to be observed at the HL-LHC at only 1.3σ confidence level [58] . Even though it is less promising to detect the double Higgs event, one can set an 2σ exclusion limit on the NP. On the other hand, if this process is discovered at the 5σ confidence level, it is a clear evidence of NP. We also show the 5σ discovery contours below.
In general, the shapes of the 2σ and 5σ boundary are similar. The large distortion occurs around the corners of the correlation contour of c g andc g . The large c g andc g couplings could increase the total width of Higgs boson sizably § ; see Eq. (64). The enlarged width inevitably reduces the branching ratio of Higgs boson decaying into a pair of bottom quarks or photons and then reduces the discovery potential of Higgs pair events, especially in the region of c g 2 or |c g | 2. In order to compensate the reduction of branching ratio, the double Higgs production rate has to be dramatically enhanced to reach a 5σ discovery. Figure 7 shows the sensitivity of the HL-LHC to a few combinations of effective couplings that can affect the single Higgs signal strength simultaneously. In the scenario (c t , c g ), one can use the double Higgs production to exclude the degenerate parameter space in the lower band allowed by the single Higgs measurements [57] , but only a portion of the upper band consisting of the SM is excluded; see the red curve. In the scenarios of (c g ,c g ), (c t ,c g ) and (c g ,c t ), the parameter space away from the SM can be excluded; see Figs. 7(b), (d) and (e). That is mainly owing to the different correlations of effective couplings in single Higgs productions and double Higgs productions. For example, consider (c g ,c t ). The double Higgs production rate is proportional to (c t + 4 3c g ) 2 while the single Higgs production rate proportional to (−c t + 2 3c g ) 2 ; see Eqs. (16) and (7). That yields the different slopes of the blue band and red (purple) curves. Unfortunately, the double Higgs process has less sensitivity to the parameter space in the scenarios of (c t ,c t ) and (c t ,c g ); see Figs. 7(c) and (f).
Not all the effective couplings affect the single Higgs production and Higgs boson decay. We separate the effective couplings into two categories: couplings sensitive to single Higgs production, say c t,g andc t,g , and others. Figure 8 shows the correlation among c t,g (c t,g ) and others effective couplings. Plots in the first row in Fig. 8 show the correlations between c 3h and c t ,c t , c g ,c g , respectively. The sign of c 3h coupling is important as it could alter the cancellation between the triangle diagram and the box diagram in the SM. A negative c 3h leads to an enhancement of the double Higgs production, easily yielding a 5σ discovery. On the other hand, the 2σ exclusion limit demands the c 3h being not too negatively large when c t = 1; see Figs. 8(b), (c) and (d). The tension is slightly alleviated in (c 3h , c t ); it requires c 3h > −2 if the double Higgs event is not observed at the HL-LHC; see Fig. 8(a) . There is no stringent bound on c 3h from top, indicating that the double Higgs production is not sensitive to the quartic term in the Higgs potential if the coefficient is positive. It has been pointed out in the comprehensive study in Ref. [23] which considers the CP-conserving operators. Our study shows the conclusion also holds for a CP-violating model.
Plots in the second (third) row of Fig. 8 show the correlations between c 2t (c 2t ) and c t ,c t , c g ,c g , respectively. If the NP model generates a sizable c 2t , then it is very promising to see its effects in the Higgs boson pair productions in both CP-conserving and CP-violating models; see the purple curves. Similar to the case of c 3h , the cancellation between F and F also imposes a bound on c 2t from bottom. Unlike the c 3h , the c t coupling is also bounded from top. If no deviation is observed in the double Higgs production, then one can impose a bound on c 2t (c 2t ), together with constraints obtained from the single Higgs production, as follows: 
It is worth mentioning that the degenerate parameter spaces in c g , i.e. the two blue bands in Figs. 8 (c), (g) and (k), can be fully resolved at the HL-LHC. Figure 9 shows the correlations among effective couplings (c 2t ,c 2t and c 3h ) that do not affect the single Higgs production. The three couplings are completely free. They are constrained only by double Higgs production at the HL-LHC. If the NP effects are hidden in the three couplings, then one is not able to probe the NP effects no matter how accurately one measures the single Higgs boson production. The double Higgs production is sensitive to both magnitude and sign of the c 3h coupling. If c 3h is the only non-zero effective coupling, then null results of Higgs pair searches will require c 3h > −1. Including c 2t completely relax the constraint on c 3h ; see Fig. 9(a) . It is owing to the interference between c 3h F and c 2t F terms in Eq. (16) . As a result, a large negative c 3h is still allowed. Thec 2t coupling, which does not interfere with c 3h , has no strong impact on c 3h . The c 2t andc 2t do not interfere and result in the symmetric eclipse bound.
Finally, we list analytical expressions of all the 2σ exclusion limits below:
(c t , c g ) : 2.25c gg → hh → bbγγ process can be discovered with L = 256 fb −1 at the 100 TeV pp-collider. Accumulating more luminosity enables us to discover NP effects in the double Higgs productions through bbγγ channel.
As it is guaranteed to observe the Higgs pair signal in the SM at the 100 TeV machine, we focus on the NP searches hereafter. Figures 10-13 display the 5σ contours of discovering NP with an integrated luminosity of 30 ab −1 . The SM process gg → hh → bbγγ is recognized as a background. The regions with the significance Z 0 < 5 are depicted with magenta curves. Outside of those magenta regions, the NP is expected to be observed. Again the constraints from the current single Higgs measurements are denoted in blue regions. We also include the EDM constraints on the CP-odd couplingsc t andc g ; see the grey bands. The EDM constraints are very strigent onc t orc g . The double Higgs production provides an alternative way to checkc t andc g . If the Higgs pair signal in the NP model is discovered in the parameter space outside the EDM bound, then additional CP-violating interaction has to be included to respect the EDM constraint.
We classify those figures into four categories according to the shapes of the boundary of 5σ discovery region. All the discovery regions in Fig. 10 are in a shape of ellipse; see the magenta curve. The parameter outside those ellipses can be discovered at more than 5σ confidence level. In the parameter space that is close to the SM, the modification of the decay branching ratios µ γγ and µ bb can be ignored. We obtain analytic expressions corresponding to the 5σ discovery of NP effects as follows:
The analytical expressions of one effective coupling can be derived from the above inequalities by setting the other coupling to be zero. The 5σ curve in (c t ,c 2t ) is stretched as a result of the significant interference effect betweeñ c t F (2) andc 2t F (1) . Figure 11 displays the correlation among effective couplings, of which the 5σ discovery boundary exhibits a ring type shape. Most of parameter space allowed by the single Higgs production can be covered by double Higgs production. The parameter outside the 5σ band produces more Higgs pair events, while the parameter inside the band reduces t − 1.00 < 0.1 .
Couplings violating the above inequalities lead to a discovery of Higgs pair signal in the NP model. Figure 12 displays the 5σ contour with a line shape. We notice that, owing to the insensitivity to c 3h , the 5σ discovery band in (c t , c 3h ) and (c 2t , c 3h ) appears as a vertical line. The 5σ band in (c t , c 2t ) is determined by the 
Finally, we plot in Fig. 13 the 5σ contour with a irregular shape. The bands of discovery potential at a confidence level less than 5σ are 
V. CONCLUSIONS
We considered effective Higgs boson couplings that affect the double Higgs production. For generality we included both CP-even and CP-odd effective couplings. Some of the effective couplings are loosely constrained by the single Higgs measurements at the 7 TeV and the 8 TeV LHC. The correlations of those effective couplings are different in single and double Higgs productions, therefore, one can probe those effective couplings by combining both the single and double Higgs productions. We examined the impact of the effective couplings on double Higgs production at the high luminosity LHC with an integrated luminosity of 3000 fb −1 and at a future pp-collider operating at an energy of 100 TeV with an integrated luminosity of 30 ab −1 . The amplitude of the double Higgs production depends on several form factors. From partial wave analysis, we found that the double Higgs production is still dominated by the s-wave component even at the 100 pp-collider. Making use of the s-wave dominant feature, we propose a universal cut efficiency function A(m hh ) to mimic the experimental cuts and detector effects. Convoluting inclusive distribution of the invariant mass of Higgs pair with the cut efficiency function gives rise to the signal events after experimental cuts. We followed the analysis in Refs. [58, 59] to derive the cut efficiency functions at the 14 TeV LHC and the 100 TeV pp-collider. Using the cut efficiency functions, we obtain the differential cross sections of m hh and total cross sections of gg → hh → bbγγ after kinematics cuts. From there we obtained the potential of probing those effective couplings at the 14 TeV HL-LHC and at the 100 TeV pp-collider.
We varied two effective couplings at a time and fixed other couplings to be the SM values. With the tremendously high luminosity, the HL-LHC could cover a lot of parameter space, which could yield a 5σ discovery. Negative results of Higgs pair searches also exclude a vast amount of parameter spaces. There are two islands in the parameter space of (c t , c g ), (c g , c 3h ), (c g , c 2t ) and (c g ,c 2t ), which cannot be resolved by the single Higgs production. The double Higgs production could exclude the island that does not consist of the SM. We also presented the analytical expressions of those 2σ exclusion limits in the parameter space.
We found that the double Higgs production can be discovered in the process gg → hh → bbγγ at the 100 TeV pp-collider with an integrated luminosity of 256 fb −1 . We thus focused on searching for Higgs effective couplings at the 100 TeV machine with L = 30 ab −1 and treat the SM double Higgs production as a background. Thanks to the large center of mass energy, the 100 TeV pp-collider could cover almost entire parameter space of effective couplings, except c 3h which is not sensitive to the Higgs pair production. Finally, we listed analytical expressions of the 5σ discovery bands which, together with the analytical expressions of the 2σ exclusion limits at the HL-LHC, is useful to probe new physics models. 
In the above we have the conventions [55] 
